Knocking intensity under the in-cylinder flow field was investigated by using a rapid compression machine (RCM). The nitrogen diluted and non-diluted fuel-air mixtures were employed for the examination of the combustion characteristics under the in-cylinder flow field. The behaviors of flame propagation and the spontaneous ignition in end gas were observed. The analyses of the in-cylinder flow field and the dependency of the knocking intensity with considering the volume fraction for flame propagation and the heat release rate of the spontaneous ignition in end gas were carried out. As a result, the flame propagation velocity increased with heightening the turbulent intensity. The change of the flame propagation velocity provided the change of the volume fraction for flame propagation. The knocking intensity depended on the volume fraction for flame propagation and it reached a peak at about 0.6 in the volume fraction, when the heat release rate due to the spontaneous ignition was high enough. This agreed with the numerical prediction qualitatively. The combustion due to the spontaneous ignition in end gas was prolonged by the broader temperature variation by turbulence when the spontaneous ignition in end gas was delayed or turbulence was strong. In these cases, the knocking intensity was lowered with the prolongation of the combustion in end gas. It was to be expected that the dependency on the volume fraction for flame propagation remained the same even when the heat release rate due to the spontaneous ignition was lowered, by the numerical simulation.
Introduction
Higher compression ratio is desired for improving thermal efficiency of spark ignition (SI) engines. On the contrary, the occurrence of knocking limits the practical engine's compression ratio since long. It remained to be important to understand the knocking phenomena for increasing the compression ratio of SI engines. Knocking in SI engines (SI knock) is known to be the pressure oscillation caused by the spontaneous ignition in end gas (i.e. unburned gas). The compression due to flame propagation causes the spontaneous ignition. Numerous studies have been carried out for many decades to explain the mechanism of the knocking occurrence, to identify the factors, and to develop the countermeasures against SI knock [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among them, a lot of studies have been carried out by using Rapid Compression (and Expansion) Machines (RCM, RCEM) and SI engines. RCM or RCEM is an effective tool to investigate the knocking phenomena in detail. On the other hand, sufficiently fast compression has not been achieved in the conventional RCMs and RCEMs. Hence, the simulation of a single compression stroke in practical engine speed has not been achieved. The present work employs the "Super Rapid Compression Machine (SRCM)" [1] [2] [3] [4] that achieves the compression time of around 5 ms. With this, a single compression stroke at practical engine speed is simulated. The SRCM being designed to withstand shock waves in the cylinder. Knocking of extremely high intensity can be investigated.
It has long been recognized that the turbulent air motion in SI engines controls the combustion efficiency and the formation of pollutants through large-and small-scale mass and heat transport. Experimental investigations and numerical simulations have been carried out for understanding of the in-cylinder flow process [15] [16] [17] . Therefore the role of turbulence mixture motion becomes critically important for the diluted mixture like modern External Gas Recirculation (EGR) operation where burning rates are much lower than in the non-diluted mixture. The EGR operation in SI engines has the advantage of decreasing NOx emission because the dilution of the mixture by EGR gases decreases the flame temperature [18] . On the other hand, the strong EGR tends to enhance the possibility of misfiring and cyclic variation of the combustion in SI engines. Many studies have clarified the characteristics of the diluted mixture. These past studies can not give data for the realistic turbulence condition of practical engines, though they give insight into the basic characteristics. Realistic compression process with turbulence in the cylinder must be accounted for.
On the knocking characteristics such as intensity, a few remarkable studies have been carried out [4] [5] [6] [7] [8] [9] [10] [11] . Kono et al. [5] and Kumagai et al. [6] clarified the dependency of the knocking intensity on the volume fraction for flame propagation and they reported that the knocking intensity reaches their maximum at the volume fraction of about 0.6. The volume fraction for flame propagation means the proportion of the flame volume to the total volume of the combustion chamber. Shiga et al. [10] indicated that the temperature homogeneity in end gas influences the behavior of the spontaneous ignition in end gas. The distributed temperature field in end gas due to the turbulent mixing is thought to have a major role on the spontaneous ignition delay and significant reduction of the knocking intensity [11] . It has been reported that the knocking intensity depends on the pressure rise rate due to the spontaneous ignition (the heat release rate of end gas) [9] . On the other hand, no study has been carried out by varying these two (the volume fraction for flame propagation and the heat release rate of end gas) independently.
In this study, the SRCM that can simulate the strong flow field due to the fast piston compression was employed. In the in-cylinder flow field like an engine, the flame propagation velocity and the dominant factor of the knocking intensity were investigated with the nitrogen diluted and the non-diluted mixtures of the stoichiometric fuel-air mixture. Figure 1 shows the experimental apparatus. This apparatus is composed of the SRCM, the peripheral and the measurement devices. This SRCM has a pancake-type combustion chamber. The SRCM uses no mechanical linkage to reduction inertia and to realize a short compression time. It uses the drive piston (#1) and the compression piston (#2). The compression piston and the shock absorber (#3) are set up at the left end of the drive section (#4), where the cylinder (#5) is attached. The drive piston is inserted at the T-joint on the right side of the drive section. A sapphire window (#6) is set at the cylinder head for the
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In operation, the drive piston is pushed by the high-pressure gas in the high-pressure reservoir (#7). After the drive piston reaches sufficiently high speed, it pushes the compression piston. Thus, the pre-mixed gas in the combustion chamber (#8) is compressed. Braking the piston is achieved by the collision with the right port of the cylinder. An aluminum pipe is used as the shock absorber to protect the piston and the cylinder from the collision. Axisymmetric buckling of the aluminum pipe absorbs the collision energy [19] . The rapid compression with the compression time of below 5 ms is achieved. Thickness of the shock absorber after the axisymmetric buckling decides the piston positioning of TDC. The combustion inside the cylinder is observed by direct and schlieren photography through the sapphire window by using the high-speed video camera (Phantom V12.1, MEMRECAM HX-3). In the direct photography, the frame rate and the exposure time are 180000 fps and 5 μs respectively. In the schlieren photography, they are 67000 fps and 1 μs. The pressure transducer (#9, Kistler Type 6052C) is set up at the side wall of the combustion chamber. The spark plug (#10) is set up at the opposite wall of the pressure transducer. The left side images of Fig. 1 show the turbulent generation procedure. A perforated plate, a mesh or a cross is installed at 15 mm distant from the inner surface of the sapphire window. The diameters of each insert are 52 mm. When the SRCM is in the compression stroke, the mixture pushed by the compression piston goes through the insert's open area and turbulence is generated. Figure 2 shows the types of inserts and Table 1 2/3/3.5/4/4.5/5/6/7/8/9/10/12.5
(1) Figure 3 shows the cylinder pressure histories for three different turbulent conditions in the non-diluted case. Table 3 shows the experimental parameter of Cases 1, 2 and 3. No insert, the cross and the perforated plate was installed, in the order of low turbulent intensity. The origin of the time is the start of the compression stroke. In all the cases, after the pressure increase due to flame propagation, the strong pressure oscillation caused by the spontaneous ignition in end gas is observed. As shown in Fig. 4 , the knocking intensity is taken by the maximum amplitude of the pressure oscillation. In the present experiments, the
Cross Mesh
Pitch
Width Pitch Perforated plate 52 mm knocking frequency at basic mode is 10 kHz. The knocking intensity was measured from the filtered pressure history using a band pass (5-15 kHz) filter, in order to obtain the characteristics of the basic mode. The knocking intensities found in Fig. 3 were more than about 6 MPa. From Fig. 3 , it is found that the rate of pressure rise due to flame propagation increased by strengthening the turbulence in the combustion chamber in the order of Case1, 2 and 3. In the highest turbulent intensity case (i.e. Case 3), the combustion time from the spark ignition to the knocking occurrence is about 1.1 ms. The time corresponds to the heat release period of practical engines at about 6000 rpm. Thus it is considered that knocking at high engine speed could be simulated in Case 3. 
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Vol. 8, No. 3, 2013 Figure 5 shows the behavior of flame propagation and the pressure history in Case 1 and 2. The bold and fine lines show the pressure and the flame front position respectively. The flame front position is measured from flame propagation on Y axis, in order to estimate the flame propagation velocity. The upper image sequence is under the weaker turbulent condition, while the lower one is under the strengthened turbulent condition by the insert. In both cases, the flame propagated from the lower side to the upper side of the combustion chamber. It is found that flame propagation was slow (images A-D) and a large volume of end gas ignited spontaneously (image E). In the area surrounded by the dashed lines in image A, the wrinkles distributed in the shape of a ring were observed (images A-D). It is thought that the wrinkles were the effect of a roll-up vortex [20] . For the condition of strengthened turbulence by the insert, flame propagation was fast (images a-d) and end gas (about 30% volume of the total) ignited spontaneously (image e). The volume fraction for flame propagation before the knocking occurrence increased by increasing the flame propagation velocity. In Case 1, the pressure oscillation during flame propagation was in accordance with time when the flame front oscillation was confirmed at about 6 ms. The oscillation frequency were 6-8 kHz. Shiga et al. [12] indicated that low temperature reaction before the knocking occurrence causes the kind of pressure oscillation. The flame front oscillation during the pressure oscillation was also observed by Katsumata et al. [2] . Therefore, the pressure and flame front oscillation before knocking is thought to be the result of the heat release by low temperature reaction in end gas. 
Vol. 8, No. 3, 2013 To estimate the turbulent condition in the combustion chamber with various inserts, the in-cylinder flow field was the numerically simulated by LES using FLUENT 14.0 from the compression start through several milliseconds after the compression end. The spark plug exists at 6 mm from the cylinder head. Therefore, in this numerical simulation, the flow velocity distribution and spatial average velocity was extracted from the cross-sectional plane 6 mm distant from the cylinder head. The turbulent intensities in the cross-section were calculated from the difference between the instantaneous local flow velocities and its spatial average. Figure 6 shows the distribution and its decay of the turbulent intensities in the quarter port of the cross-section. No insert ( 00
, width is 2.5 mm) and the perforated plate (
, hole diameter and pitch are 6 and 8 mm) were employed respectively.
In the case of "no insert", the turbulent intensity was low in the entire region of the combustion chamber. It is found that the roll-up vortex generated near the cylinder wall proceeded toward the center of the cylinder. In the cross case, it is found that the turbulence generated along the cross in the vicinity of TDC converged in the area surrounded by the broken line (1.85 ms). In the perforated plate case, it is found that the turbulent intensity was high in the entire region of the combustion chamber. The values under the images indicate the average turbulent intensity in the cross-section at the moment. It is confirmed that the average turbulent intensity increased in the order of lower open area ratio (perforated plane, cross and no insert). From these results, the followings can be found. The turbulent intensity is low while the turbulence generates by the roll-up vortex due to the piston compression, in the case of "no insert". The turbulence is generated by the cross and the region of high turbulent intensity exists locally, in the cross case. The region of high turbulent intensity distributes discretely in the combustion chamber, in the perforated plate case. The average turbulent intensity depends on the open area ratio. The relationship between the flame propagation velocity and the turbulent intensity was investigated in the non-diluted and the diluted cases. Figure 8 shows the dependence of the flame propagation velocity on the turbulent intensity. The flame propagation velocity was determined by averaging the velocity while the flame travels from 5 to 15 mm distant from the ignition point. The flame propagation velocity increased by increasing the turbulent intensity in both cases. The laminar burning velocity of iso-octane can be estimated by using Muller's approximation [22] , when the diluted case is treated as a mixture of 0.71 in equivalence ratio that has the same fuel fraction as the 30% diluted case. In the Muller's approximation, the laminar burning velocity can be numerically calculated over a wide range of pressure and temperature by using pressure, unburnt gas temperature, adiabatic flame temperature and the mass fraction of the fuel. The estimation gives the value of 0.74 and 0.35 m/s for the mixture of 1.0 and 0.71 in equivalence ratio respectively, at unburned condition of 3 MPa and 700 K, which is about the condition of the present compression end. The dilution and lowered fuel concentration decrease about 50% of the burning velocity. The low flame propagation velocity in the diluted case can be explained by the decrease. In the diluted case, the ignition failure was confirmed for the high turbulent intensity conditions. 
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Dominant factor of knocking intensity under in-cylinder flow field
Unlike the past study [5] , the flame propagation velocity was varied by turbulence and dilution to vary the volume fraction for flame propagation, in this study. The dependence of the knocking intensity on the volume fraction for flame propagation is shown in Fig. 9 . Table 4 shows the experimental parameter of Cases 4-7. The solid lines show the theoretical knocking intensity in the non-diluted and the diluted cases. The theoretical knocking intensity was calculated by using Eq. (3) [6] . E  indicates the energy per unit volume of the pressure disturbance by the knocking occurrence. m is the volume fraction for flame propagation. 2 1 , p p and  are pressure at m of the volume fraction, pressure in end gas after the spontaneous ignition, and the adiabatic exponent respectively. This theory is the indication of the knocking intensity when the energy of the pressure disturbance is considered to be the difference between the expansion work and the compression work of end gas. In the non-diluted case, the dependency of the knocking intensity on the volume fraction was confirmed and the knocking intensity reached a peak at about 0.6 in the volume fraction. This result agrees with the theory and the experiments of the past studies [4] [5] [6] . However, the variation in the knocking intensity exists for a given volume fraction for flame propagation. The variation in the knocking intensity is discussed later (Fig. 13 ) in more detail.
The combustion (spontaneous ignition) in end gas, that is different from the other experimental data, was observed for the plots surrounded by the broken line. Figure 10 shows the sequential images of the combustion in end gas, in Case 4. The time under the images show the time after the spontaneous ignition in end gas. The spontaneous ignition started in the upper side of end gas (first image). It is found that the initial ignition area produced the shock wave (third image) and the remaining mixture in end gas burned out by its passing through (fourth image). In the theory by Kumagai [6] , the instantaneous combustion in end gas due to the spontaneous ignition is assumed. The combustion of end gas due to the shock wave differed from the theory's assumption. Therefore, the data indicated by the broken line are beyond the scope of this study. 
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Vol. 8, No. 3, 2013 The knocking intensity in the diluted case in Fig. 9 needs further discussion. The lower knocking intensity was distinguished, except the cases of the volume fraction of 0.2-0.4 and the data marked by α and β. It is expected that the dependence of the knocking intensity on the volume fraction qualitatively agrees with the non-diluted case, as shown in the blue line in Fig. 9 . However, the experimental data shows disagreement. The behavior of the spontaneous ignition in end gas (Fig. 11 ) must be taken into account, in order to investigate the reason of the difference of the knocking intensity between the non-diluted and the diluted cases. Figure 9 Dependence of the knocking intensity on the volume fraction for flame propagation in the non-diluted and the diluted cases Figure 10 Behavior of the shock wave in end gas after spontaneous ignition in Case 4 Figure 11 shows the process of spontaneous ignition in end gas, in the non-diluted and the diluted cases. The each first images shows the beginning of the spontaneous ignition in end gas, and the each last images shows the ending of the combustion in end gas. Case 5 and 6 are in the same turbulent condition and Case 7 is the weaker turbulent condition. The time under the image shows the time from the spark ignition. In Case 5, the mixture in end gas ignited spontaneously in almost entire region of end gas and burned out for a short time (about 70μs). On the other hand, end gas ignited spontaneously in multiple points, and burned out for a long time (about 400 μs), in Case 6. The time from the spark ignition to spontaneous ignition was prolonged and the spontaneous ignition in end gas became quite mild as compared with Case 5. In Case 7, the spontaneous ignition was observed near the flame front and the flame spread from the ignition points in end gas. The combustion time of end gas was about 160 μs, and it was shorter than Case 6.
Case 6 being compared with Case 5, the induction time to the spontaneous ignition in end gas was prolonged due to slow flame propagation and the reduction of the reactivity by the dilution. The end gas was cooled by the insert with the cold thermal boundary layer and the turbulent mixing for the long induction time. Hence, it is considered that the heat loss in end gas caused the prolonged spontaneous ignition. This prolonged spontaneous ignition in end gas must be related to the decrease in the knocking intensity.
Comparing Case 6 with 7, the combustion time of end gas and the knocking intensity in Case 6 was longer and lower respectively, although the volume fraction of end gas was almost same. This difference is thought to be caused by the difference of the turbulent condition in the combustion chamber. It is considered that the stronger turbulence causes a broader temperature variation. This can explain the reason of the longer combustion time of end gas in Case 6.
The temperature variation in the combustion chamber was investigated by the numerical simulation. Figure 12 shows the distributed mass fraction (i.e. what fraction of the total mass exists at any given temperature) in the whole area of the combustion chamber with the two turbulence conditions. In both cases, the initial temperature, the compression ratio and the compression time were 333 K, 14.0 and 4.2 ms respectively. The time is between 0-5.8 ms after the compression end. The solid line is the weaker turbulent condition that corresponds to Case 7, and the broken line is the stronger turbulent condition that corresponds to Case 5 and 6. This figure shows that the temperature variation became broader with the time pass in both cases. It is notable that the variation was broader for the stronger turbulent condition than for the weaker turbulent condition. This can be explained by the nature of turbulence that tends to entrain the cold thermal boundary layer on the cylinder wall and the insert. It means the stronger turbulence entrains a large amount of the cold thermal boundary layer to the mixture in the combustion chamber. A broader temperature variation produces the longer burn duration in HCCI combustion [21] . In the past studies, Shiga et al. [10] indicated that the increase in the apparent reaction rate due to the increase in the average temperature and the temperature homogenization in end gas provides the increase in the knocking intensity.
From the above discussion, the difference in the combustion times of end gas in Case 6 and 7 was caused by the temperature variety in end gas due to the difference in turbulence. Considering this sequentially spontaneous ignition, it is easy to see that a broader temperature variation produces a prolonged heat release and lower rate of heat release. It is considered that the prolonged heat release process leads to the lower knocking intensity (Case 6), nevertheless the volume fraction for flame propagation is the almost same like as Case 6 and 7. The data of the volume fraction of 0.2 -0.4 and the plot α, β (Fig. 9) were the weaker turbulence condition, because of the no insert condition and the cross insert (as shown in Fig. 7) . Therefore, the narrower temperature variation in end gas caused the shorter heat release process and the higher knocking intensity.
Vol. 8, No. 3, 2013 Figure 13 shows the relationship between the knocking intensity and the combustion time of end gas. The combustion time here is the duration of spreading the luminous area in end gas measured from the high speed photographs. Although the boxed graph is the same as Fig. 9 , the mark was changed for distinction. Mode 1 and 2 are the non-diluted data. In Fig. 13 , the square plot (Mode 1) is the data that is seen only for about 30 μs in the combustion time of end gas, the triangle plot (Mode 2) is the data that the combustion time of end gas is prolonged than Mode 1, the diamond shape plot (D N2 =30%) is the nitrogen diluted data. It is found that the knocking intensity decreased with decelerating the combustion of end gas, except Mode 1. From the boxed graph, it is found that Mode 1 has the dependency of the knocking intensity on the volume fraction for flame propagation and Mode 2 takes the lower knocking intensity as compared with Mode 1. Case 7 Figure 11 Behavior of the spontaneous ignition in end gas with the two turbulence conditions in the non-diluted and the diluted cases
Vol. 8, No. 3, 2013 Figure 12 Distributed mass fraction in temperature Figure 13 Relationship between the knocking intensity and the combustion time of end gas
In this study, the authors calculated the knocking intensity with considering the volume fraction for flame propagation and the heat release rate in end gas (the combustion time of end gas) by the numerical simulation. As the calculating area, the quasi-one-dimensional combustion chamber shaped a rectangle is used as shown in Fig. 14. First step: the initial pressure and temperature in the combustion chamber is p i and T i . Second step: it is assumed that gas in the combustion chamber burns by flame propagation and the mass, volume fraction for flame propagation, the in-cylinder pressure and the end gas temperature become n, m, p 1 and T e . p 1 and T e is estimated by using p i , T i , the adiabatic flame temperature. 
Journal of Thermal Science and Technology Vol. 8, No. 3, 2013 release of the spontaneous ignition in end gas. Q is estimated from the remaining fuel in end gas. To change the heat release rate in end gas, the duration of the heat addition is adjusted each for total heat amount Q given by volume fraction for flame propagation. The end gas pressure rises by the heat and the pressure wave is generated due to the resulting pressure inequivalence between end gas and burned gas. The knocking intensity is estimated by measuring the pressure amplitude at the pressure measurement point set up at the cylinder wall in the end gas side. Figure 14 Geometry and condition of the mixture Figure 15 shows the comparison between the experimental data and the numerical simulation. The each three axis shows the volume fraction for flame propagation, the combustion time of end gas (or the input duration of the heat addition in the numerical simulation) and the knocking intensity respectively. At first, the result about the numerical simulation is discussed. For the same heat input duration (combustion time of end gas), it is found that the knocking intensity depends on the volume fraction for flame propagation. It is confirmed that the knocking intensity decreases with the prolongation of the heating duration. This is thought to be caused by the lowered degree of constant volume heat addition due to the prolongation of the heating duration. Thus, in the prolonged heating duration case, it is considered that the rate of the pressure propagation and dissipation to burned gas is higher than the rate of pressure rise in end gas. It is confirmed that the dependency of the knocking intensity on the volume fraction for flame propagation remains the same even when the heating duration is prolonged. As compared with the experimental data, the knocking intensity in the numerical simulation became higher throughout the volume fraction for flame propagation. This simulation is on a simplest assumption of quasi-one-dimensional combustion chamber instead of the SRCM's combustion chamber and it cannot be satisfactory in quantifying. Experimental data on the almost same combustion time of end gas like Mode 1 showed the knocking intensity depended on the volume fraction for flame propagation and it agreed with the numerical simulation qualitatively. In Mode 2 and D N2 =30%, the knocking intensity was lowered with the prolongation of the combustion time of end gas as with the numerical simulation.
From the above result, it is considered that the knocking intensity depends on the volume fraction for flame propagation when the heat release rate due to the spontaneous ignition in end gas is almost same, like Mode 1. The knocking intensity is lowered with the prolongation of the combustion time of end gas (Mode 2 and D N2 =30%). It is to be expected that the dependency on the volume fraction for flame propagation remains the same even when the heat release rate due to the spontaneous ignition in end gas is lowered. m, n, p 1 1-m, 1-n p 1 , T e p i , T i ,
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Vol. 8, No. 3, 2013 Figure 15 Comparison of the experimental data and the numerical simulation
Conclusion
In this study, the experiment on SI knocking was carried out by using the SRCM that turbulence in the combustion chamber can be changed by installing inserts.
The turbulent intensity could be estimated by using the numerical simulation when the turbulence was changed by the insert in the combustion chamber. The flame propagation velocity increased with increasing the turbulent intensity in the non-diluted and the diluted cases. In the non-diluted case, the flame propagation velocity achieved about 100 m/s in the turbulent intensity of about 8 m/s. In the diluted case, the ignition failure was observed over the turbulent intensity of about 5 m/s.
The knocking intensity depended on the volume fraction for flame propagation and it reached a peak at about 0.6 in the volume fraction, when the heat release rate due to the spontaneous ignition in end gas is high enough. This agreed with the numerical prediction qualitatively. The combustion due to the spontaneous ignition in end gas was prolonged by the broader temperature variation by turbulence when the spontaneous ignition in end gas was delayed or turbulence was strong. In that case, the knocking intensity was lowered with the prolongation of the combustion in end gas. It was to be expected that the dependency on the volume fraction for flame propagation remained the same even when the heat release rate due to the spontaneous ignition in end gas is lowered, by the numerical simulation.
